Abstract -Researches of the nature of friction coefficient of water lubricated bearing are carried out in this paper. Based on the experimental results of composite material bearing under hydrodynamic lubrication by water, we calculate the Stribeck curves as the function of load and speed, deviate the modified Reynolds equation considering wall slip effects in Cartesian coordinate system, put forward the essential model of friction coefficient, the composition of friction coefficient and essential changing correlation between them. Numerical results are in good agreement with experimental results, which verifies existence of wall slip. Researches indicate that there is always an appropriate working condition which friction coefficient is minimum. Comparison of the theoretical and experimental results shows that they are consistent on the overall trend but still exist some deviations under certain operating conditions. Reasonable explanations are given to illustrate the correctness of theoretical model.
Introduction
Water lubricated bearing has great potential in environmental protection, energy conservation as well as sustainable development and thus has been widely used in ships, water pumps and other mechanical systems for its advantages of no pollution, wide source, safety and fire resistance, etc. It can effectively reduce the wear, noise and power consumption due to the relative movements of friction pair material [1, 2] . Its lubrication performance, reliability and safety have important effects on the safe and stable operation of mechanical system, therefore, the research and improvement of lubrication performance are of vital directive significance for the promotion and application of water lubricated bearing.
The Stribeck curve plays an important role in identifying boundary, mixed, elasto-hydrodynamic and hydrodynamic lubrication regime as well as tribological properties in water lubricated bearing [3] [4] [5] [6] [7] . Presently, most of the researchers are interested in investigating the theories and experiments of hydrodynamic lubrication, many scholars have done much in this field [8] [9] [10] [11] [12] [13] . For example, Alex de Kraker [14] adopts an ideal asperity contact model together with an effective film thickness formulation to compute Stribeck curve at constant load for water a Corresponding author: zsrao@sjtu.edu.cn lubricated journal bearing. Computed Stribeck curves are presented and sensitivity of the computed Stribeck curve and minimum film thickness with respect to the design parameters (such as: clearance, surface roughness, load) and the material parameters (such as: modulus of elasticity, surface hardness) are also systematically researched in this paper. Lu [5] reports the Stribeck-type behavior results of a series of experiments under various oil inlet temperatures and loads, the results are also compared with simulations of the Stribeck curves using the approaches presented in references [4, 6] . The theoretical verifications presented in this paper are related to mixed lubrication regime and elasto-hydrodynamic lubrication regime (EHL), where the Bair-Winer model is adopted to describe the shear stress of the lubricant. Kalin [15] investigates the Stribeck curve and the bearing lubrication design for non-fully wetted surfaces, and has experimentally verified the friction behavior by using fully wetted and non-fully wetted model surfaces in different contact configurations. So far, researches of water lubricated bearing are mainly about the tribology behaviors of sliding surfaces of silicon nitride, polymer or rubber in water or sea water, but very few of them penetrate into the nature of bearing characteristics including the friction force and the correlation between the friction coefficient and the lubrication state as well as the lubrication mechanism.
Article published by EDP Sciences Fluid flow boundary condition is one of the most important factors which determines the fluid dynamic characteristics. All along, the classical fluid mechanics, the lubrication theory and scientific researches utilize the "no slippage boundary conditions", namely: no wall slip occurs in the solid-liquid interface, and the relative speed of motion between fluid molecules on the solid surface and the solid interface is zero. This hypothesis is verified by experiments to a macro sense, and has been widely used in theoretical and experimental researches in fluid dynamic problems. However, in recent years, with the development of micro-nanometer science, technology and related fields as well as the help of some modern measurement technologies, such as the atomic force microscope (AFM), surface force apparatus (SFA), micro-particle image velocimeter (μ-PIV), near field laser velocimeter (NFLV) and the molecular dynamics simulation (MDS) etc., researchers find that no slip boundary condition is no longer applicable under certain conditions, namely: boundary slip may occur in many instances [16] [17] [18] [19] [20] [21] . Therefore, boundary slip phenomenon affects the fluid dynamic behaviors. So, the influence of wall slip on the lubrication performance is gaining more and more attention. For instance, Spikes et al. [22] , analyze the influence of slippage on the fluid dynamic behaviors when the wall slip phenomenon occurs on the static slider surface, finding that the bearing load capacity is exactly half of the case with no slippage when the limiting shear stress equals to zero, but the corresponding friction is reduced by several orders of magnitude. Aurelian [23] investigates wall slip effects on elasto-hydrodynamic journal bearings and the study extended to the influence of wall slip in highly loaded compliant bearings for steady-state and dynamical load conditions. It also predicts that well-chosen slip/no-slip surface pattern can considerably improve the bearing behavior and largely justify future numerical and experimental works. Zhang [24] presents the development of a numerical model for high speed and water lubricated journal bearings with different boundary slip arrangements, and obtains the conclusion that a suitable combination of slip/no-slip surfaces on the sleeve of a journal bearing may enable improvement of the tribological performances through suppressing the occurrence of cavitation, enhance the load bearing capacity and reduce the interfacial friction between bearing sleeve and shaft. However, very few of the researches penetrate into the nature of bearing characteristics as well as the lubrication mechanism considering the wall slip effects. The effect of wall slip on the lubrication performance is not very clear, therefore, researches on the wall slip effects should be further studied.
In the present research, on the basement of experiment of composite material bearing under hydrodynamic lubrication by water, we calculate the Stribeck curves as the function of load and speed, deviate the modified Reynolds equation considering wall slip effects in Cartesian coordinate system, develop the essential model of friction coefficient, analyze the composition of friction coefficient and the essential changing correlation between them in water lubricated bearing. The research results are of important guiding significance for the structure design and optimization of water lubricated bearing.
Theoretical considerations

Theoretical basis of wall slip
The hypothesis in the classical lubrication theory, which assumes the fluid velocity on the solid interface is the same with the velocity of the solid surface, regardless of its magnitude or direction, is widely exploited in the vast majority of the theoretical researches and the experimental studies in lubrication problems. This is an important prerequisite for the establishment of the classical Reynolds equation. Modern bearing always works in extreme conditions: low speed, heavy load and very narrow clearance. Also these bearings are made of polymer materials and are lubricated by unconventional lubricants. Therefore wall slip phenomenon becomes more and more common in the lubrication process.
Modern research [25] on the lubricant rheology shows that: wall slip effect is closely related to the interface shear strength. Just as the plastic flow in solid mechanics, lubricants also have a limiting shear stress. The liquid molecules will slip along the solid surface and lubricant will show the characteristics of plastic solid when the interface shear stress reaches the limiting shear strength of the friction pair material. Research [26] shows that wall slip effect only occurs in the surface with smaller limiting shear strength when there exists relative motion between two surfaces with different limiting shear strength. Figure 1 shows the schematic of wall slip model of water lubricated bearing. Suppose that surface 1 is parallel to surface 2, surface 2 moves with speed u in the X-direction, while surface 1 is stationary. The limiting shear stress on surface 2 exceeds that of surface 1, thus, wall slip phenomenon only occurs on surface 1. Assuming that when the speed meets the criteria u = u c , surface 1 just reaches the critical state of wall slip, this corresponds to the interface limiting shear stress or limiting shear strength, correspondingly, the critical shear stress τ c is:
where υ is the dynamic viscosity of lubricant; u c the critical slip velocity; h the film thickness. With the increase of velocity on surface 2, wall slip phenomenon starts to occur in surface 1, the wall slip velocity u s is :
If there is no wall slip phenomenon on any of the surface, the wall slip velocity equals to zero, i.e. u s = 0. When wall slip phenomenon begins to occur, the wall slip velocity equals to the difference between the velocity of surface 2 and the critical slip velocity, i.e. u s = u − u c . One thing to note is that, the fluid velocity means the average of all the fluid molecules. When the velocity meets the requirement u > u c , we can not say that all the lubricant molecules on the surface occur to slip. Some of the literatures [23, [27] [28] [29] [30] have proposed a simple criterion to distinguish whether wall slip effect has occurred on the solid-liquid interface through theoretical and experimental researches. When the interface tension of the lubricant medium becomes bigger than that of the friction pair material, namely, adhesion fracture occurs before the cohesive fracture of molecular bonds, then the wall slip is very likely to happen. Table 1 shows the interfacial tension of commonly used materials. It can be seen from the table that compared to oil lubricated bearing, the interfacial tension of water lubricated rubber bearing is much smaller, adhesion fracture of water molecular bonds occurs more easily, and therefore wall slip phenomenon is inclined to occur. Similarly, wall slip phenomenon also exists on the solidliquid interface of water lubricated Teflon bearing. That is to say, the influence of wall slip phenomenon should be fully considered in the numerical simulation and experimental research on water lubricated non-metallic or polymer friction pair material bearing. The modified Reynolds equation considering wall slip effects may more exactly describe the hydrodynamic characteristics of the water lubricated polymer bearings.
Derivation of modified Reynolds equation
The modified Reynolds equation considering wall slip is derived in Cartesian coordinate system based on the above theoretical analysis. The schematic of water lubricated bearing configuration is shown in Figures 2a and 2b , and the simplified schematic of water lubricated bearing configuration in Cartesian coordinate system is shown in Figure 2c . Surface 1 moves with speed u in positive x direction, while surface 2 is stationary. Wall slip phenomenon occurs on surface 1, its critical limiting shear stress is τ c , and the critical slip velocity is u c . Assuming the film thickness h can vary in the x, y direction, but is small enough in z direction so that the lubrication approximation is valid and the transient effect in the Navier-Stokes can be ignored, i.e. the water lubricated bearing is in the state of stable operation. Thermal effects are not considered in the analysis, as the isothermal condition, the viscosity and density of water are regarded as constant, without any changes with the temperature and pressure in the film thickness direction. In addition to the isothermal condition, derivation of modified Reynolds equation also needs the following hypothesis: (1) Ignoring the volume force, such as gravity or magnetic force. (2) Neglecting the velocity component in the water film thickness direction as the film is very thin, i.e. Using the above assumption, the x-component of the Navier-Stokes equation becomes:
With the boundary conditions:
Surface 2:
For the solution of Equation (3), subject to the boundary conditions Equations (4) and (5), we can get the velocity component in x direction:
Similarly, the velocity component in y direction is:
The volumetric flow rate per unit length in x direction is:
Similarly, the volumetric flow rate per unit length in y direction is:
Conservation of mass requires:
Insert Equations (8) and (9) into Equation (10), we can get:
Equation (11) is non-dimensionalized by defining the following dimensionless variables and parameters:
The resulting dimensionless modified Reynolds equation becomes:
∂X is the hydrodynamic effect term and W
∂(u+us) ∂X
is the wall slip effects term.
Load balance equation
The actual water lubricated bearing is usually with longitudinal lubrication grooves. Compared to the lubrication oil, water lubricated bearing works in poor operating conditions. In the ocean or inland river environment, the lubricating water usually contains silt or other small particles, sometimes even a large quantity. Silt and other small particles will increase friction and wear, sometimes may even broke the lubricating environment. The main functions of longitudinal lubrication grooves are excluding small particles from the lubrication interface when the journal is rotating, so as not to affect the lubricating conditions of the bearing. Therefore, in the test part of the paper, we use bearing with guiding grooves to verify the theory. Figure 3 gives the position of longitudinal lubrication grooves in relation to external load. For given external load conditions, the externally applied load is shared between fluid and solid effect at various operating conditions. When the journal is rotating at speed N , the static equilibrium position of the journal center O j can be found by equating the hydrodynamic forces and solid contact forces with the external load. 
Boundary conditions
The lubrication theory in the present work is general and applicable to such bearings. For water lubricated bearings with or without lubrication grooves, only the boundary condition is different. For bearing with guiding grooves, the corresponding boundary conditions are slightly more complicated than bearing without grooves, other parameters and calculating methods are almost the same. The natural rupture boundary conditions, namely the Reynolds boundary conditions, are exploited to solve the pressure distribution and film thickness distribution of water film in this paper. Reynolds boundary conditions regard water film as discontinuous, and the termination of water film pressure as some kind of natural fracture phenomenon, i.e. water film will fracture after the minimum water film thickness at an angle of Y 2 , which can be written as:
The modified Reynolds equation can be solved numerically by exploiting the finite difference method (FDM) [31] , through the discretization of the partial differential coefficients using two order central difference regime. After we make iterative calculation using the Gauss-Seidel iterative method, and finally obtain the pressure distribution and the film thickness distribution. Iteration continues until the solution converges, then the lubrication parameters such as the friction coefficient can be obtained by double numerical integration over the pressure distribution area, the concrete solving process can be get in references [32, 33] .
The dimensionless bearing friction coefficient is attained by integrating the shear stress distribution over the whole surface area. Friction force and friction coefficient can be calculated as following:
where F is the resultant force, F f is the friction force.
The parameters for the test bearing are shown in Tables 2 and 3, friction coefficients calculated will be shown in Section 4.3. In fact, F f is just the friction force caused by the liquid viscous shear force. In the actual bearing system, the friction coefficient is more complex. It not only includes the liquid viscous shear force, but also includes the friction due to the solid effect. Therefore, it is necessary to analyze the essence of the friction coefficient in water lubricated bearing.
Lubrication states diagram
Generally speaking, friction coefficient has a direct relationship with the bearing lubrication regime or the lubrication state, and the lubrication regime has a close relationship with the lambda parameter λ (i.e. the film thickness ratio).
Since the lambda parameter λ is designed to determine the effect of the contact conditions and the tribological properties, it is typically used to determine the lubrication states that reasonably well demonstrate the amount of friction and the ability of contacts to separate the contacting surfaces. It can directly influence the friction coefficient and wear properties of a particular lubricating system. The author draws the lubrication state diagram with comprehensive consideration of the existing models, which is schematically shown in Figure 4 . Generally, the lubrication states, by using the lambda parameter, are divided as follows [34] : λ ≥ 3 for hydrodynamic lubrication/elasto-hydrodynamic lubrication regime (HL/EHL), 1 ≤ λ ≤ 3 for mixed lubrication regime (ML) and λ ≤ 1 for boundary lubrication regime (BL).
A more precise classification also includes λ ≥ 4 for fully HL and the bearing is in full film lubrication region with no asperity contacts. Mixed lubrication regime (ML) can also be divided up by 1 ≤ λ ≤ 1.5 and 1.5 ≤ λ ≤ 3, indicating the much asperity contacts and a certain amount of asperity contacts, respectively [34] .
Analysis of friction coefficient
The typical Stribeck curve and the lubrication state configuration are shown in Figure 5 , which is a schematic of the dependence of the overall friction on the contribution from "solid" and "viscous" forces. Among them, X axis is the journal speed (Note: water film thickness is rather small and difficult to measure exact values, using speed instead of lambda), Y axis is the friction coefficient f . F-solid (the red dashed line), is the solid-solid contact friction coefficient due to asperity contacts on the lubrication interface, namely "solid-solid effect", which increases with radial load according to Coulomb's law. Ffluid (the black dashed line), is the fluid friction coefficient due to the viscous shear force between liquid molecules, namely "viscous effect". F-total (the blue thick line) is the total friction coefficient, the widely used Stribeck curve [15] , which is the weighted sum between "solidsolid effect" and "viscous effect" as shown in Figure 5 . Therefore, essence of friction coefficient is the linear combination of the solid-solid contact friction coefficient and the fluid viscous shear stress in water lubricated bearing.
We can see from Figure 5 , under certain working conditions, the available formula of friction coefficient in water lubricated bearing is as follows:
where, α 1 is the weighted factor of "solid effect", f solid is the friction coefficient produced by "solid effect". The calculation method and procedure of f solid can be attained in references [14, 35] . α 2 is the weighted factor of "viscous effect", f fluid is the friction coefficient produced by "viscous effect". f fluid can be calculated by Equation (15) . Moreover, a change of the film thickness and the hydrodynamics will in turn affect the friction and the contact state again because of the modified contact conditions or even the lubrication state through increased solid-solid contacts. In fact, lubrication state is in a constant change in actual operation. The lubrication state transition changes correspondingly with the change of operating parameters. So, the film thickness ratio λ is in a dynamic fluctuation state, causing the fluctuation of the friction coefficient. Note, under different working conditions, even the same values of friction coefficients, their compositions may be distinctly different from each other.
Under the low speed region, the "viscous effect" makes up a small fraction of the total friction coefficient while the "solid effect" is dominant, α 1 → 1, α 2 → 0, so the total friction coefficient curve is consistent with the F-solid curve in this region. Under high speed region, the fluid film can be fully formed, "viscous effect" is the leading factor while "solid effect" is insignificant, α 1 → 0, α 2 → 1, so the total friction coefficient curve is consistent with the F-fluid curve in this region. Therefore, there is a competition between the two physical effects, and friction coefficient will depend on the interplay between the "viscous" and "solid" effect contributions, as presented schematically in Figure 5 . Figure 6 shows the schematic of the apparatus used for measuring the friction coefficient of water lubricated journal bearing, Figure 7 gives the physical map of the water lubricated bearing test rig, respectively.
Experimental equipment
Introduction of test apparatus
The main shaft is supported by two hydrostatic bearings and driven by a Siemens servo motor with a maximum speed of 6000 rpm and a maximum power of 22 kW. The desired load is applied using a gas cylinder via a leading bar. The working pressure is usually about 0.3 ∼ 0.8 MPa. The pipe resistance loss is rather small due to the low gas viscosity. It is also easy to focus on the supply and convenient for medium distance transportation. It is also safe to use, no explosion, no electric shock, and the overload protection ability. The vertical loading lever scale is 1:5, i.e. when we apply 1 N load on the right side of lever, the applied load on the water lubricated bearing is magnified to maximum five times.
The experimental equipment is mainly consisted of the electric control part, the power-driven part, the intermediate part, the vertical loading part and the signal acquisition part. Figure 8a shows the real object of measurement cell and vertical loading part in details. The lubrication grooves are not shown in Figure 8 for the sake of convenience. Components 8, 9, 10 and 11 form the main loading part, where force sensor 1# measures the vertical load. Figure 8b shows the enlarged figure of the measurement cell. Water lubricated bearing is embedded into the rolling element bearing. The functions of rolling element bearing are: (1) apply radial external load to the bearing; (2) help to measure the tangential force in order to calculate the friction torque and friction coefficient. A lever (i.e. the force arm) is fixed on the bearing surface. Therefore, the bearing would not rotate with the rotating journal. Force sensor 2# is mounted on the lever to measure the tangential force. Figure 9a gives the simplified technical drawing of the whole bearing system, Figure 9b shows the schematic of torque (force) equilibrium analysis for water lubricated bearing. When the journal is rotating, the rotating shaft drives the bearing through the friction force of water film, generates the driving torque T f . The rolling element bearing and the force arm apply the torque T R , T F in the opposite direction. Therefore, three torques exist for the bearing: torque T f due to the friction force of water film, torque T R due to the friction force of rolling element bearing, torque T F due to the force measured by force sensor 2#. As can be seen from Figure 9b , we can get the torque equilibrium relationship. For water lubricated bearing, the equation of torque equilibrium is:
Generally, the diameter of the ball in rolling element bearing is small (less than 3 mm, about 1/70 of the force arm (the force arm of tangential force is 205 mm)), the friction force of rolling element bearing is small (friction coefficient of rolling element bearing is less than 0.001, about one tenth of water lubricated bearing (friction coefficient is 10 bearing)). Therefore, torque T R due to the rolling element bearing is very small, and can be omitted in the actual calculation. Then we can get T f ≈ T F , and torque T F is due to the force measured by force sensor 2#. It equals to the product of the force arm R and tangential force T . Force sensor 2# measures the tangential force T , then measures the arm (R) of force applied on the bearing through the lever. The torque can be calculated by multiplied the tangential force T and the force arm R.
In the actual tests, the friction coefficient is translated into tension or compression of a linkage bar and sensed by a loading cell, and the test signal is transferred to the computer system for recording and processing. The friction coefficient, the speed and the load are processed by software and displayed on the computer screen. The time interval of data reading is adjustable and is independent of the duration of the test. Table 2 gives the basic parameters and operating conditions of the test bearing, Table 3 shows the basic physical properties of water in 20
Test bearing
• C environment. Figure 10a shows the three dimensional model of the test bearing, Figure 10b shows the physical map of the test bearing. The material of the sleeve is the same as shaft, and the bushing is made of composite material PTFE, which is highly resistant to impact, wear and corrosion and has adequate bearing capacity. As a case, the test bearing is composed by the bushing and the sleeve, which are resistant to wear and corrosion. The shaft is made of hardened 42CrMo steel with 0.3 Poisson's ratio, 206 GPa elastic modulus. The surface finish (Ra) is about 0.4 μm consistently for the shaft. The test bearing has an inner diameter 62 mm, and the bushing thickness 2 mm. It has 4 guiding grooves, its crosssection shape is round. The inner surface finish (Ra) is 0.4 μm consistently for the bushing. The bearing width is 20 mm, therefore the length over diameter ratio is only about 0.33, and the radial clearance is 0.07 mm, about two thousandth of the shaft radius. The specific values of the bearing and water properties may refer to Tables 2  and 3 , respectively. Figure 11 gives the surface structure and fracture of the test specimen of the composite material PTFE. Figure 11a shows the uniform distribution of dense white spots on the tissue surface observed by high power microscope, these white spots are mainly consist of high wearresistant engineering PTFE material particles. Figure 11b shows the fracture morphology of the test specimen, highstrength fiber uniformly distributed in the PTFE material tissue, and formed disordered arranged crisscross patterns, which can significantly improve the shear-resistant, compressive and wear-resistant properties.
Experimental conditions and method
The experimental parameters and operating conditions are shown in Tables 2 and 4 . Group 1 investigates the effect of vertical load on the friction coefficient under different rotating speeds, and obtains the results for the friction coefficient as the function of vertical load ranging from 8-62 N; Group 2 researches the effect of rotating speed on the friction coefficient under fixed vertical load, and obtains the curve for the friction coefficient as the function of rotating speed ranging from 200-3000 rpm.
Before any measurement is taken, the test system should be balanced so that the friction coefficient is zero when the shaft is at a static position. At each speed, the history of the friction coefficient is monitored. The rms value of the history is taken as the friction coefficient for the specified speed when the friction coefficient oscillates periodically around a relatively constant value. By plenty of observations, a period of 3 min is regarded as a reasonable testing period for each vertical load point or each rotating speed. In the test, the parameters need to measure includes: the bearing radial force measured by the force sensor 1#, the rotating speed N , the tangential force T measured by the force sensor 2#, the arm of force applied on the bearing through the lever R, the bearing inner diameter D, the width L and the gravity G of the bearing. The test apparatus is shown in Figure 8 .
Therefore, the radial load can be calculated as:
Correspondingly, the friction coefficient can be calculated as:
where, the specific parameters of the test bearing can be checked in Table 2 , R = 205 mm, D = 62 mm, G = 15 kg, insert them into Equations (20) and (21), then we can get:
Results and discussion
Additional parameters used in the experiments are provided in Table 4 . Figure 12 shows the friction coefficient distributions as the function of radial load at different rotating speeds 200 rpm, 400 rpm and 1600 rpm. These three rotating speeds represent three typical operating conditions: low, medium and high speed region, respectively. And, X axis represents the radial load applied on water lubricated bearing, Y axis represents the measured friction coefficients. The friction coefficient curves contain the error bars, i.e. the I-shaped errors, which reflect the standard deviations (i.e. the average deviation).
Analysis of friction coefficient fluctuation
From Figure 12 we can see, for different rotating speeds, friction coefficient curves as the function of load exhibit consistency on the overall trend, but also exist discrepancies in some details. For example, the minimum friction coefficient takes place at different radial loads. When the radial load is very small, friction coefficient is rather large. With increase of radial load, friction coefficient decreases mildly. But when the load increases to a certain value, friction coefficient tends to be stable. Continue to increase the load, friction coefficient rises slowly, and the higher the rotating speed, the more obvious the increasing trend. In fact, main reason for the fluctuation of friction coefficient comes from two aspects: (1) competitions between the two physical effects: "solid effect" and "viscous effect", and friction coefficient depends on the interplay between the "solid" and "viscous" friction contributions, as presented schematically in Figure 5 . (2) Changes of lubrication states of the composite material bushing caused by the elastic deformation under different speed and load conditions. Although the overall trend of friction coefficient curve is the same, the concrete mechanism differs for different rotating speeds. In order to analyze the mechanism clearly, we divide friction coefficient curve into three regions: low, medium and high speed region.
In the low speed region (about 0-400 rpm), the bearing loading capacity is relatively small, and elastic deformation of the bushing plays a major role. The water film thickness is rather thin in the lubrication region, bearing is in the boundary lubrication regime (BL). Accordingly, asperity contacts between the rough surfaces dominate and determine the type of friction and wear, and the "solid effect" makes the major contributions to the friction coefficient of the bearing. With the increase of radial load, elastic deformation is larger and larger, so necking phenomenon of the water film is more and more obvious. Then, the shaft is slowly floated by the increasing thick film, the bearing loading area as well as the lubrication region area increases, and thus decreases the friction coefficient. When the load increases to a certain value, the elastic deformation reaches to its maximum value, the bearing loading area as well as the lubrication region area no longer changes. Continue to increase radial load, friction coefficient tends to be stable gradually.
In the high speed region (about 1200-2000 rpm), water film can be sufficiently formed. The bearing is fully lubricated and in the hydrodynamic lubrication state. Therefore, when the load is small, the "viscous effect" dominates and the viscous shear force between the liquid molecules constitutes the main part of friction coefficient. As with the increase of radial load, the film thickness decreases gradually, and the lubrication state transforms from hydrodynamic lubrication regime (HL) to elasto-hydrodynamic lubrication regime (EHL), mixed lubrication regime (ML) and even the boundary lubrication regime (BL). In this process, the proportion of "viscous effect" declined slowly, friction coefficient also decreases gradually and reaches the minimum value finally. Afterwards, continue to increase radial load, the lubrication state transforms to the boundary lubrication regime (BL) or even the dry friction regime, the proportion of "viscous effect" continues to reduce until it can be almost negligible while the proportion of the "solid effect" rises correspondingly until it becomes dominant. Therefore, friction coefficient begins to rise in the process and then increases with the increasing radial load.
For medium speed region (400-1200 rpm), friction coefficient is determined by the weighted factors of "solid effect" and "viscous effect" α 1 , α 2 , as well as the elastic deformation of the PTFE bushing. Therefore, characteristics of the curve in the medium speed region is somewhere between the characteristics of low speed region and the characteristics of high speed region, almost the linear combination of the typical low speed curve and typical high speed curve.
Analysis of the system limitations
From Figure 12 we can also see, the error bars (i.e. the I-shaped error) become smaller and smaller with the rise of load under fixed speed. That is to say, the fluctuation of the measured friction coefficients is smaller and smaller. When radial load increases to a certain value, the I-shaped error is almost close to zero, the friction coefficient curve has almost no fluctuation, and is stable at a fixed value.
Generally speaking, fluctuation of the friction coefficient is mainly caused by the oscillation of the weighted factors of "solid effect" and "viscous effect" due to the transition of the lubrication state. The smaller the fluctuation of friction coefficient, the more stable the bearing operating conditions. Fluctuation is relatively small under high speed condition for the "viscous effect" dominates and the "solid effect" is almost ignorable; Fluctuation is relatively large under low speed condition for sufficient lubrication of the bearing cannot be ensured and "solid effect" dominates the lubrication state, "viscous effect" is almost ignorable. There exists large number of asperity contacts between rough surfaces in low speed lubrication region. It is the asperity contact that cause the fluctuation of the friction coefficients.
Of course, system limitations exist and influence the exact values of friction coefficient. Precision error of force sensors 1# and 2# also affects the fluctuations of friction coefficient. Disadvantages of pneumatic system (the low pressure transmission speed, the long reaction time, poor speed stability due to the compressibility of the air) bring rather big impacts on the control accuracy of the system. For the external load, it is prone to be unstable. Numerical fluctuations for the load values exist in the specific test process. Therefore, the next step, we will use the mechanical loading device instead of the hydraulic cylinder, because the mechanical loading device has better stability. Figure 13 shows the friction coefficient distribution as the function of radial load at different rotating speeds, and X axis represents the radial load applied on the water lubricated bearing, Y axis represents the measured friction coefficients.
Effect of radial load
From Figure 13 we can see, under fixed rotating speed, friction coefficient curves show first decreased and then increased trend with the increase of the radial load. There exists an appropriate working condition which the friction coefficient is minimum. Generally speaking, this condition is the ideal state for the bearing operation.
For constant low load, bearing surface deformation is rather small, the bearing is in hydrodynamic lubrication state. With the increasing load, the hydrodynamic film becomes partially breakdown and thus results in the increase of surface roughness peak contact, namely the asperity contact. Continue to increase the load, the bearing bushing surface elastic deformation becomes distinct, surface roughness peak contact area becomes larger and larger. Correspondingly, the load per unit area becomes smaller and smaller. Therefore, friction coefficient increases slowly and will become constant when the radial load reaches critical value. The interaction of the two factors results in the existence of minimum value of friction coefficient under certain speed. Figure 14 shows the friction coefficient distribution as the function of rotating speed at different radial loads, and X axis represents the rotating speed of the shaft, Y axis represents the measured friction coefficients.
Effect of rotating speed
From Figure 14 we can see, the measured friction coefficient-rotating speed curves agree well with the classical Stribeck curve. For different radial loads, friction coefficient curves exhibit consistency of the overall trend, but also exist some discrepancies in details. Under fixed load, obviously, with the increase of rotating speed, the friction coefficient first decreases sharply in the low speed region (0-1200 rpm), decreases slowly in the medium and high speed region (1200-2200 rpm), and then increases mildly in the very high speed region (2200-3000 rpm).
Radial load has influence on the friction coefficient. This is because, under low speed region, the bearing is in boundary lubrication state and "solid effect" predominates the motion, while the bearing is in full partial hydrodynamic lubrication state and "viscous effect" predominates the motion under high speed region. The friction coefficient curve increases more moderately when the radial load is 55.3 N. The interaction of the two factors results in the existence of minimum value of friction coefficient under certain load. Figure 15 shows the measured and theoretical calculated friction coefficient distribution as the function of rotating speed, X axis represents the rotating speed of the shaft, Y axis represents the friction coefficients. "Measured values" curve represents the results measured in the test; "With wall slip" represents the results considering the wall slip boundary condition; "Without wall slip" represents the results without considering the wall slip boundary condition. The radial load in the test is 32.0 N.
Comparison of experimental and theoretical results
From Figure 15 we can see, with the increase of rotating speed, the measured friction coefficients gradually decrease, reach its minimum value at 1600 rpm, and then slowly increase. Just as the theory predicted in Section 2.3, the theoretical values gradually increase and become more and more close to the measured values with increase of rotating speed. The difference between the measured and theoretical values is smaller and smaller, and eventually reaches zero when rotating speed increases to a certain value. Results considering wall slip are much closer to the measured values. The higher is the rotating speed, the smaller is the deviation between them. In fact, when the rotating speed exceeds 2200 rpm, errors between the measured and "With wall slip" results are rather small, almost ignorable. This consistence indicates that there is a real possibility that wall slip effect exists in the lubrication interface of water lubricated PTFE bearing. And, the higher is the rotating speed, the larger is the possibility of existence of wall slip. This conclusion is consistent with the previous achievements in references [19, 23, 25, 29, 36] . The modified model is more accurate in the prediction of friction coefficient for water lubricated PTFE bearing.
Conclusions
In this paper, on the basement of experimental results of water lubricated composite material bearing, we measure the friction coefficient as the function of load and rotating speed, deviate the modified Reynolds equation considering wall slip effects in Cartesian coordinate system. We develop essential model of friction coefficient, discuss the composition of friction coefficient and the changing correlation between components of friction coefficient, and finally draw the following conclusions: (1) The essence of friction coefficient in water lubricated bearing is the weighted sum of solid contact friction coefficient and viscous shear stress between liquid molecules. Lubrication state is in a constant change in actual operation. The transition of lubrication state changes correspondingly with the operating parameters. Film thickness ratio λ is in a dynamic fluctuation state, causing the fluctuation of friction coefficient. (2) There is always an appropriate working condition which the friction coefficient is minimum, and this condition is the ideal state for the bearing operation. (3) Under fixed rotating speed, with increase of radial load, the friction coefficient first decreases and then rises, strikes its minimum value under a certain load. Similarly, under fixed load, with increase of rotating speed, the friction coefficient first decreases and then rises, reaches its minimum value under a certain rotating speed. (4) The difference between the friction coefficient measured by the test and the friction coefficient calculated by the theory is just the friction coefficient generated by the solid-solid interface contact effect. As the rotating speed increases, the friction coefficient produced by the "solid effect" will become smaller and smaller, and finally approaches zero under a certain rotating speed. (5) Theoretical results considering wall slip are in good agreement with the measured values. The higher is the rotating speed, the smaller is the deviation between them. This phenomenon verifies the existence of wall slip effects in the interface of water lubricated bearing and also verifies the correctness of the theoretical model.
